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Impact of Elevated Nighttime Air Temperatures During Kernel Development on Starch Properties of Field-Grown Rice
Rice is highly sensitive to elevated temperatures during its reproductive stage of growth, which consequently results in yield decline and poor grain quality (Peng et al 2004; Counce et al 2005; Jagadish et al 2010; Shi et al 2013) . Among the factors associated with yield decline resulting from temperature stress are impaired grain filling and dry matter assimilation, increased respiration rate, reduced pollination, and increased spikelet sterility (Peng et al 2004; Yamakawa et al 2007; Jagadish et al 2010; Shi et al 2013) . There is a growing interest on the impact of temperature incidence on rice farming because general models have predicted that the earth's average surface air temperature could increase by 1.8-4.5°C by the end of the century and that minimum night temperature will increase at a faster rate than maximum day temperature (IPCC 2007) . As reported by Karl et al (1991) , the increase in night temperature has been approximately three times greater than corresponding day temperatures.
Arkansas experienced an extremely warm summer in 2010. The average nighttime air temperature (NTAT) recorded during kernel development of six rice cultivars field-grown in five Arkansas locations was approximately 5°C greater in 2010 than in 2009 (Lanning et al 2012) . Such elevated NTATs instigated some significant changes in grain quality traits: reduced milling yield, amylose content, and total protein content; increased milled rice whiteness, chalkiness, total lipid content, gelatinization temperature, and flour paste peak viscosity; and all cultivars analyzed showed some degree of susceptibility to high-temperature incidence Lanning et al 2011 Lanning et al , 2012 Lanning and Siebenmorgen 2013) . Most of the quality changes in fieldgrown rice resulting from elevated NTATs paralleled those of experiments conducted in greenhouses or controlled-temperature environments (Counce et al 2005; Cooper et al 2008) .
Among the effects of elevated NTAT, the decreased amylose content and increased gelatinization temperature pattern is quite unusual, because the literature tends to associate high gelatinization temperature and enthalpy with high amylose content. Starch functionality depends on the proportion of amylose and amylopectin and on the percentage distribution of amylopectin branch chains. Thus, amylopectin, being the major component of starch, needs to be thoroughly examined to better understand the mechanisms behind the unfavorable impact of elevated NTAT on rice processing and end-use quality.
Findings obtained from experiments under controlled-temperature environments regarding the effect of elevated temperature on amylopectin fine structure are rather inconsistent. Lisle et al (2000) did not find any differences in the amylopectin chainlength distribution of three cultivars grown at different daily mean temperatures. Suzuki et al (2003) reported that the relative amounts of amylopectin long chains (DP > 25) increased in all starches when maturation occurred at 28°C instead of 21°C. Cheng et al (2005) reported opposite effects on the proportion of amylopectin short chains (DP < 22): these chains increased in the low-amylose cultivar but decreased in the high-amylose cultivar. Counce et al (2005) noted that the proportion of DP 13-24 chains in two long-grain cultivars increased by about a percentage point at 24°C nighttime temperature compared with 18°C. Cooper et al (2008) , on the other hand, inferred that NTAT effects on amylopectin fine structure are cultivar-specific, because the two longgrain cultivars used in their study did not respond similarly to the temperature treatments, and the hybrid and medium-grain cultivars were not affected. More recently, Wei et al (2012) observed that elevated temperature (32 versus 22°C) resulted in a decrease of DP 5-9 and DP 15-22 amylopectin chains and an increase in DP 10-13 and DP > 42 chains.
Literature on the impacts of NTAT on starch fine structure of field-grown rice is scarce. Findings from field experiments may be more relevant in assessing the real consequences of temperature incidence (or climate change) on rice endosperm starch properties and on grain quality as a whole. The exceptionally high NTATs throughout the U.S. Mid-South rice-growing areas in 2010 have provided an opportunity to investigate the pronounced effects of elevated temperature on a field scale. The work described herein is part of a field study initially reported by and then by Lanning et al (2011 Lanning et al ( , 2012 Lanning and Siebenmorgen 2013) . Specifically, this work compares the structural features and other properties of starches from rice cultivars field-grown in Arkansas in 2010, which was an exceptionally warm year, and 2009, which was essentially a normal-weather year, based on historical weather analyses .
MATERIALS AND METHODS
Rice Samples. The rice samples used in this study were part of the field experiments described in detail by Lanning et al (2012) . The sample set comprised four cultivars (Bengal, Cypress, LaGrue, and XL723) field-grown in four Arkansas locations (Keiser, Pine Tree, Rohwer, and Stuttgart) in 2009 and 2010 through the Arkansas Rice Performance Trials. Throughout the course of the field experiments, ambient temperatures were measured on 30 min increments, and those from 8:00 p.m. to 6:00 a.m. were considered NTATs. Ambient temperatures were recorded with two temperature and relative humidity sensors (HOBO Pro/Temp data logger, Onset Computer Co., Bourne, MA, U.S.A.) positioned at each growing location. NTATs occurring in the R6-R8 stages of kernel development (otherwise known as the grainfilling stages) were the main focus of the overall study. A total of 96 samples (representing two cropping years, four locations, four cultivars, and three replicates) harvested from the lots at optimal moisture contents for maximizing milling quality (Lanning et al 2012) were used for succeeding starch analyses, with one measurement made for each replicate.
Starch Isolation and Chemical Analyses. Head rice samples were ground into flour with a sample mill (3010-30, UDY, Fort Collins, CO, U.S.A.) fitted with a 0.5 mm screen and then stored in self-sealing plastic bags at 4°C in a refrigerator prior to analyses. Total starch content of head rice flour was determined enzymatically by the amyloglucosidase/α-amylase method with a Megazyme kit (AA/AMG, Megazyme International, Bray, Ireland). Starch samples were prepared from flours by extraction with dilute alkali (0.1% NaOH) followed by lipid removal with water-saturated 1-butanol (Patindol and Wang 2002) . Apparent amylose content of purified starch was determined by iodine colorimetry (Juliano 1971) .
Scanning Electron Microscopy. The morphology of isolated starch granules was characterized by an environmental scanning electron microscope (Phillips XL-30, FEI-Phillips, Hillsboro, OR, U.S.A.) at an accelerating potential of 10 kV under vacuum. Starch granules were thinly sprinkled onto a circular, doublesided adhesive tape attached to a specimen stub before coating with gold-palladium sputter (Hummer II sputter coater, Technics, Alexandria, VA, U.S.A.) to facilitate contrast imaging.
Amylopectin Fine Structure. Amylopectin chain-length distribution was characterized by high-performance anion-exchange chromatography with pulsed amperometric detection. A 10 mg defatted rice starch sample was added to 3.2 mL of deionized water, heated in a boiling water bath for 30 min, cooled to room temperature, and the pH adjusted with 0.4 mL of 0.1M acetate buffer (pH 3.5). Isoamylase (5 μL) (300 U, Pseudomonas isoamylase, Hayashibara Biochemical Laboratories, Okayama, Japan) was added, and the mixture was incubated in a water bath shaker at 45°C and 150 rpm for 2 h. The pH of the mixture was neutralized by adding 0.21 mL of 0.2M NaOH, heated in a boiling water bath for 15 min, and allowed to cool for 5 min. Impurities were removed by centrifugation at 5,000 × g for 5 min. The supernatant was injected into a Dionex ICS-3000 system (Dionex Corporation, Sunnyvale, CA, U.S.A.) through an autosampler under the conditions described by Kasemsuwan et al (1995) with some modifications (Wang and Wang 2000) .
Pasting Properties. The pasting properties of purified starches were determined with a Rapid Visco Analyzer (RVA model 4, z df = degree of freedom; ACL = amylopectin average chain length; DP = degree of polymerization; A = DP 6-12; B1 = DP 13-24; B2 = DP 25-36; B3+ = DP 37-65; and * indicates significant at 95% probability (P < 0.05) and ** at 99% probability (P < 0.01).
Perten Instruments, Springfield, IL, U.S.A.). Rice starch slurry (10%) was prepared by mixing 2.8 g of rice starch (12% moisture content, wet basis) with 25.2 mL of deionized water in a canister. The slurry was heated from 50 to 95°C at 3°C/min, held at 95°C for 10 min, cooled to 50°C at 3°C/min, and held at 50°C for 10 min. Viscosity values were recorded in centipoise (cP). The pasting properties measured included peak viscosity, hot paste viscosity (trough), final viscosity, and viscosity differences (breakdown, setback, and total setback). Gelatinization Properties. Gelatinization properties were assessed by a differential scanning calorimeter (Pyris Diamond, Perkin Elmer Instruments, Shelton, CT, U.S.A.). Starch (≈4.0 mg, dry basis) was weighed into an aluminum DSC pan, and 8 μL of deionized water was added by a microsyringe. The mixture was hermetically sealed and equilibrated at room temperature for at least 1 h before analysis. Thermal scans comprised heating the sample from 25 to 130°C with a temperature increase rate of 10°C/min. The instrument was calibrated with indium, and an empty pan was used as a reference. Onset, peak, and conclusion gelatinization temperatures (T o , T p , and T c , respectively) and gelatinization enthalpy were calculated from each thermogram with the instrument software (Pyris). The gelatinization temperature range was calculated as the difference between conclusion and onset gelatinization temperatures (T c -T o ).
X-Ray Diffraction. The X-ray diffraction patterns of starch samples were obtained with an analytical diffractometer (X'pert 1, Philips, Almelo, the Netherlands). Starch samples were equilibrated at 100% relative humidity in a desiccator at room temperature for 24 h prior to the analyses. The diffractometer was operated at 40 mA and 45 kV. Samples were scanned through a diffraction angle (2θ) range of 5-40° at 0.1° step size and a 2 s count time. Relative crystallinity was obtained by integration with Philips X'pert HighScore software. Through the software, a smooth curve was drawn below the major diffraction peaks; the area above the curve was assigned as the crystalline region and the area below it as the amorphous region. Relative crystallinity was expressed as a percentage of the crystalline region area to the total area of the crystalline and amorphous regions.
Data Analysis. Statistical analyses were carried out with JMP software version 9 (SAS Institute, Cary, NC, U.S.A.). A completely randomized 2 × 4 × 4 factorial design (with two cropping years, four growing locations, and four cultivars, with three replicates for each treatment combination) was used to evaluate the impact of each factor and factor interactions on starch properties. Analysis of variance was done at α = 0.05. Tukey's honestly significant difference test was used to identify significant differences among treatment means. Bivariate correlation analyses were performed by the Pearson product-moment approach.
RESULTS AND DISCUSSION
Starch Content and Composition. Milled rice total starch content was not affected by cropping year, location, cultivar, or interactions of these treatments (Tables I and II) . This observation is in agreement with the findings of Cheng et al (2005) , who used two cultivars grown under controlled-temperature environments. Inukai and Hirayama (2010) reported that high temperatures during ripening resulted in the reduction of total mass of starch per caryopsis because of the decrease in density of the starch granules (relative to the caryopsis's glumes, lemma, and palea). Present findings imply that starch deposition could have been reduced as a result of elevated NTAT, but starch content (expressed as a percentage of milled rice kernel mass) relative to other milled rice components (e.g., proteins, lipids, and minerals) was not significantly affected. Scanning electron microscopy showed no distinct visual differences in the appearance and morphological features of purified starch granules, regardless of cropping year, growing location, or cultivar (Fig. 1) . Individual granules appeared polyhe- dral and having a diameter ranging from 3 to 10 μm, which is typical of rice starch. Native starch granule size and shape are mainly dependent of botanical origin or species. It is also possible that granule morphological irregularities may have been removed during starch purification by the alkali-steeping method.
The composition of purified starches was affected by cropping year, cultivar, and location (Tables I and II) . The effects of location and cultivar on starch composition, particularly amylose, are widely known (Champagne et al 2004; Aboubacar et al 2006; Patindol et al 2010) , so the ensuing discussion mainly focuses on temperature incidence (cropping year). Amylose content for the 2010 sample set was less (i.e., amylopectin content was greater) than the 2009 set. The decrease in amylose content of samples obtained from both field (Lanning et Amylopectin Chain-Length Distribution. Instead of plotting the percentage distribution of amylopectin chain lengths for each sample as is, differential plots (2009 minus 2010) were found more useful in visually detecting the effect of elevated NTATs on amylopectin fine structure, as shown in Figure 2 . For each cultivar from a particular growing location (Rohwer, AR, for Fig. 2) , the values shown in the bar charts were obtained by subtracting the percentages of each chain-length or degree of polymerization (DP 6-65) for the 2010 sample from the 2009 counterpart. Figure 2 shows that the percentages of amylopectin short chains (DP ≤ 18) tended to decrease, whereas percentages of amylopectin long chains (DP ≥ 19) tended to increase because of elevated NTATs in 2010. Means pooled across locations and cultivars revealed a difference of 1.3 percentage points in the distribution, and the average chain length was longer by approximately half of a glucose molecule for the 2010 set (Table I ). Cultivar and growing location also affected amylopectin chain-length distribution. Average chain length was longer for Rohwer and Stuttgart in comparison with the samples from Keiser and Pine Tree. The hybrid cultivar, XL723, had the longest average chain length, whereas Bengal, a medium-grain type, had the shortest. The average chain length of Cypress and LaGrue was intermediate between Bengal and XL723.
By convention (Hanashiro et al 1996) , amylopectin chains have been classified as follows: A (DP 6-12), B1 (DP 13-24), B2 (DP 25-36), and B3+ (DP ≥ 37). Thus, DP ≤ 18 corresponds to A and short B1 chains, and DP ≥ 19 corresponds to long B1, B2, and B3+ chains. The observed changes in amylopectin fine structure corroborate the findings of Aboubacar et al (2006) . They reported lower proportions of amylopectin short chains (DP < 16) in nine long-grain cultivars that were field-grown in Texas, where the average NTAT during grain-filling was 24°C, compared with those grown in Missouri, where NTAT averaged 19°C.
As reviewed by Jeon et al (2010) , several enzyme isoforms are involved in amylopectin branching, elongation, or both in cereal endosperms, including soluble starch synthase (SS), starch branching enzyme (BE), and starch debranching enzyme (DBE). In rice, four SS classes (SSI, SSII, SSIII, and SSIV) have been identified to play significant functions in amylopectin chain elongation. BE catalyzes the formation of branch points and comprises two classes (BEI and BEII). BEI preferentially produces longer interior chains (DP ≥ 16), whereas BEII mainly generates shorter side chains (DP ≤ 12) (Jeon et al 2010) . DBE has at least two known classes (isoamylase and pullalanase) that function in the trimming of improperly positioned branches (Jeon et al 2010) . Among these z DP = degree of polymerization; A = DP 6-12; B1 = DP 13-24; B2 = DP 25-36; B3+ = DP 37-65; and * indicates significant at 95% probability (P < 0.05) and ** at 99% probability (P < 0.01).
enzymes, BEII (particularly the isoform BEIIb) has been reported to be heat labile. In greenhouse experiments, the repressed expression of BEIIb during grain-filling resulting from elevated temperature has been thought to be responsible for decreased branching and enhanced elongation of amylopectin branch chains (Jiang et al 2003; Yamakawa et al 2007; Ohdan et al 2011) . The rice double mutant ae/wx, which is deficient in BEIIb and GBSS, was also reported to produce fewer short chains of DP ≤ 17, with the greatest decrease observed in in DP 8-12 (Nishi et al 2001; Tanaka et al 2004) . Hence, the findings from the field study herein (i.e., decreased percentage of DP ≤ 18 and increased percentage of DP ≥ 19) are in agreement with studies in which the effects of high temperature incidence on enzymes involved in amylopectin biosynthesis were determined under controlled-temperature environments. Pasting Properties. Pasting properties measured with a Rapid Visco Analyzer or similar instruments often relate to cooked-rice z T o = onset temperature; T p = peak temperature; T c = conclusion temperature; and ΔH = enthalpy of gelatinization. For the levels of each treatment variable in each block, means with a common letter are not significantly different at P < 0.05 based on Tukey's honestly significant difference test. texture and other end-use characteristics. Table III summarizes the pasting characteristics of the starch samples according to cropping year, growing location, and cultivar; Table IV presents a matrix correlating starch composition and fine structure to paste viscosity parameters; and Figure 3 shows the starch pasting profiles of 2009 and 2010 samples grown in Pine Tree, AR. The roles of amylose and amylopectin in rice starch pasting behavior have been widely studied. Upon heating of a starch suspension, swelling and increased viscosity are promoted by amylopectin short chains and restricted by amylose. Amylose content and amylopectin fine structure were affected by elevated NTATs; hence, some remarkable changes in starch pasting behavior were also observed. Peak viscosity, final viscosity, and breakdown viscosity noticeably increased for the 2010 sample set, whereas setback (which is final viscosity -peak viscosity) and total setback viscosity (which is final viscosity -trough) decreased. Lanning et al (2012) examined the pasting behavior of rice flour suspensions and reported positive correlations between peak viscosity and NTATs, negative correlations between setback and NTATs, and no correlations between final viscosity and NTATs. The absence of correlations between final viscosity and NTATs in flour pastes may be attributed to the interference of other flour components, such as proteins and lipids. Amylose content was negatively correlated with peak, final, and breakdown viscosity and positively correlated with setback and total setback viscosity (Table IV) . The amylopectin structural features that correlated well with paste viscosity parameters were the A and B1 chains. The A chains correlated positively with peak and breakdown viscosity and correlated negatively with setback and total setback viscosity. On the other hand, B1 chains correlated negatively with peak, final, and breakdown viscosity and correlated positively with setback and total setback viscosity. Classifying amylopectin chain length percentage distribution into DP ≤ 18 and DP ≥ 19 showed no significant correlations with any viscosity parameter. Overall, the correlation coefficient matrix presented in Table IV implies that it was the decrease in amylose content (or a change in the proportion of amylose and amylopectin content) resulting from elevated NTATs, rather than the change in amylopectin fine structure, that profoundly impacted starch pasting behavior. Gelatinization and Starch Granule Crystallinity. Gelatinization describes the disruption of starch crystalline structure or molecular order in the presence of substantial water and heat. Table V summarizes the effect of cropping year, cultivar, and growing location on starch gelatinization properties measured with a DSC; Table VI presents a matrix for the correlation of starch gelatinization properties with starch composition and fine structure; and Figure 4 shows the gelatinization curves of starches purified from the samples grown in Stuttgart, AR. Onset (T o ), peak (T p ), and conclusion (T c ) gelatinization temperature, gelatinization temperature range (T c -T o ), and enthalpy of gelatinization (ΔH) were greater for the 2010 sample set than the 2009 counterparts. Figure  4 shows that the gelatinization peaks of the 2010 sample set not only shifted to the right but also lengthened, thus causing T c -T o to increase as well. T o values increased by 3.5°C across cultivar and location, and ΔH increased by 1.3 J/g. Amylose content showed weak correlations with gelatinization properties, except for T c -T o , for which the correlation coefficient was -0.59 (P < 0.01; Table VI ). On the other hand, amylopectin structural features (with the exception of B2 chains) showed highly significant correlations with gelatinization properties. Hence, the correlation analysis data implies that the changes in amylopectin fine structure were more relevant in explaining the accompanying changes in gelatinization properties resulting from elevated NTATs.
Native starch granules are semicrystalline owing to the wellordered structure of amylopectin molecules. An X-ray diffractometer is the most popular instrument used in examining starch granule crystallinity. Figure 5 presents the X-ray diffraction patterns of starches purified from the rice samples grown in Stuttgart, AR. Percent relative crystallinity data are summarized in Table V according to cropping year, cultivar, and growing location. As shown in Figure 5 , all starch samples exhibited the characteristic A-type crystalline pattern of cereal starches, with prominent diffraction peaks at 15.0, 17.0, 18.0, and 23.0° diffraction angle (2θ). A minor peak was also observed at 2θ = 38.5°, whose intensity tended to increase for the 2010 sample set and was more noticeable on the long-grain cultivars (Cypress, LaGrue, and XL723) than the medium-grain cultivar (Bengal). Relative crystallinity was affected by cropping year, cultivar, and growing location (Table V) . Means pooled across cultivars and locations showed that relative crystallinity was 1.5 percentage points greater for the 2010 sample set. Amylose content showed a highly significant negative correlation with relative crystallinity (R = -0.78, P < 0.01; Table VI ) to confirm that starch granule crystallinity is mainly attributed to amylopectin, similar to gelatinization properties. Correlation analyses also showed that the increase in relative crystallinity resulting from high temperature incidence correlated with the increase in DP ≥ 19, particularly the B2 chains (DP 25-36).
CONCLUSIONS
The extremely warm weather in the summer of 2010 provided a good opportunity to investigate the impacts of elevated NTATs on starch properties of rice grown under actual field conditions. Elevated NTATs affected rice endosperm starch composition (i.e., decreased amylose or increased amylopectin) and amylopectin fine structure (i.e., decreased proportion of short chains or increased long chains), which in turn contributed to some changes in starch pasting behavior (i.e., increased viscosity), gelatinization properties (i.e., increased gelatinization temperature, enthalpy, and range), and granule relative crystallinity. Pasting and gelatinization properties are known indicators of rice eating quality and processing characteristics. Hence, the baseline information derived from this field study will be useful in explaining variability trends in rice processing performance and end use, and it could also help in designing strategies (in plant breeding, physiology, crop management, and postharvest processing) to mitigate the effects of high-temperature incidence.
